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A  new  refractory  alloy,  Ta2oNb2oHf2oZr2oTi2o.  produced  by  vacuum  arc-melting  followed  by  hot  isostatic 
pressing  (HIPing)  at  T=  1473  K  and  P=  207  MPa  for  3  h  has  predominantly  a  single-phase  body-centered 
cubic  (BCC)  structure  with  the  lattice  parameter  a=  340.4  pm.  The  alloy  density  and  Vickers  microhard¬ 
ness  are  p= 9.94  g/cm3  and  Hv  =  3826  MPa.  The  alloy  has  high  compression  yield  strength  (<r0  2  =  929  MPa) 
and  ductility  (e  >  50%).  The  alloy  shows  considerable  strain  hardening  and  homogeneous  deformation.  A 
simple  model  of  solid-solution  strengthening  is  proposed  to  explain  the  behavior. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Metallic  alloys  with  superior  mechanical  and  functional  prop¬ 
erties  remain  in  high  demand  for  the  aerospace  industry.  A  new 
strategy  for  achieving  stable,  multi-component,  high-temperature 
alloys  has  recently  been  proposed  [1-3],  In  these  so-called  high 
entropy  alloys  (HEAs)  the  configurational  entropy  of  a  multi- 
component  solid  solution  phase  is  maximized  so  that  the  entropy 
of  mixing  stabilizes  disordered  solid  solution  phases  relative  to 
possible  intermetallic  phases.  In  order  to  achieve  high  entropy  of 
mixing,  the  alloy  must  have  typically  five  or  more  major  elements  of 
roughly  equi-molar  concentrations.  This  concept  has  shown  merit 
with  the  production  of  several  experimental  alloy  compositions 
with  face  center  cubic  (FCC)  and/or  body  center  cubic  (BCC)  crys¬ 
tal  structures  and  favorable  combinations  of  strength  and  ductility 
[1,4-11].  Almost  all  HEAs  for  which  mechanical  properties  have 
been  reported  are  based  on  a  CoCrFeNi  composition  to  which  addi¬ 
tional  elements  such  as  A1  [1,2,4,12-14],  Cu  [1,2,6],  Si  [15],  Mn  [4], 
Mo  [11],  and/or  Ti  [5,6,8]  have  been  added.  These  HEAs  exhibit 
very  high  room  temperature  compression  strength,  often  exceed¬ 
ing  1500  MPa.  The  room  temperature  compression  strain  of  these 
alloys  in  cast  condition  generally  does  not  exceed  5-7%;  however, 
few  HEAs  show  compression  strains  as  high  as  25-33%  [5-9,16]. 
Annealing  has  been  found  to  improve  ductility  of  cast  HEAs  [9,16]. 
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Similar  to  conventional  alloys,  a  rapid  decrease  in  strength  of  HEAs 
occurs  at  temperatures  above  ~0.6Tm,  where  Tm  is  the  melting  tem¬ 
perature,  and  at  T-  1273K  the  strength  of  CoCrFeNi-based  HEAs 
approaches  ~  100  MPa  [1,17]. 

Two  refractory  HEAs,  Ta25Nb25W25Mo25  and  Ta2oNb2oW2o 
Mo2oV2o,  with  considerably  increased  Tm  and  thus  improved 
high-temperature  strength  values,  have  been  reported  recently 
[18,19].  These  alloys  have  a  single-phase  BCC  structure  and  high 
Vickers  hardness  of  4.5  GPa  and  5.3  GPa,  respectively,  and  they 
produced  a  very  high  yield  strength  (002)  in  the  temperature 
range  from  296  K  to  1873K.  For  example,  <to.2  of  405  MPa  and 
477  MPa  at  1873  K  were  reported  for  the  Ta25Nb25W25Mo25  and 
Ta2oNb2oW2oMo20V20  alloys,  respectively.  Unfortunately,  these 
refractory  alloys  have  a  high  density  and  exhibited  low  ductility  at 
room  temperature  (RT).  Moreover,  presence  of  V  accelerated  oxida¬ 
tion  of  the  Ta2oNb20W20Mo2oV2o  alloy  at  high  temperatures  [20].  In 
this  paper,  we  report  results  on  development  and  characterization 
of  a  new  refractory  HEA,  Ta2oNb2oHf2oZr2oTi2o  with  an  estimated 
Tm  =  2522  K.  Replacement  of  heavier  W,  Mo  and  V  with  lighter  ele¬ 
ments  such  as  Hf,  Zr  and  Ti  was  found  to  considerably  decrease  the 
alloy  density  and  improve  RT  ductility. 

2.  Experimental  procedures 

TheTa-Nb-Hf-Zr-Ti  alloy  was  prepared  by  vacuum  arc  melting  of  the  equimolar 
mixtures  of  the  corresponding  elements.  Ti,  Zr  and  Hf  were  in  the  form  of  3.2  mm 
diameter  slugs  with  a  purity  of 99.98%,  99.95%  and  99.9%,  respectively.  Niobium  and 
tantalum  were  in  the  form  of  1.0  and  2.0  mm  wires,  and  their  purities  were  99.95% 
and  99.9%,  respectively.  Arc  melting  of  the  alloy  was  conducted  on  a  water-cooled 
copper  plate.  To  achieve  homogeneous  distribution  of  elements  in  the  alloy,  it  was 
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Table  1 

Chemical  composition  of  the  TaNbHfZrTi  alloy  produced  by  vacuum  arc  melting. 


Composition 

Ta 

Nb 

Hf 

Zr 

Ti 

at.% 

19.68 

18.93 

20.46 

21.23 

19.7 

wt.% 

30.04 

14.84 

30.82 

16.34 

7.96 

re-melted  three  times,  was  flipped  for  each  melt,  and  was  in  a  liquid  state  for  about 
5  min  during  each  melting  event  The  prepared  button  was  about  8  mm  thick  and 
had  shiny  surfaces.  The  actual  alloy  composition  is  given  in  Table  1 .  To  close  porosity 
presented  in  the  as-solidified  sample,  it  was  hot  isostatically  pressed  (HIP)  at  1473  K, 
207  MPa  for  3  h.  Prior  to  HIPing,  the  sample  was  wrapped  with  a  0.1  mm  thick  Ta 
foil,  placed  in  a  low  carbon  1010  steel  container  with  the  wall  thickness  of  0.89  mm, 
and  the  container  was  vacuum  sealed. 

The  crystal  structure  was  identified  with  the  use  of  a  Rigaku  X-ray  diffractome¬ 
ter,  Cu  Ka  radiation,  and  the  26  range  of  5-1403.  The  density  of  the  alloy  was 
measured  with  an  AccuPyc  1330  VI. 03  pycnometer.  Vickers  microhardness  was 
measured  on  polished  cross-section  surfaces  using  a  136°  Vickers  diamond  pyra¬ 
mid  under  0.5  kg  load  applied  for  30  s.  The  microstructure  was  analyzed  with  the 
use  of  a  scanning  electron  microscope  (SEM)  equipped  with  the  backscatter  electron 
(BSE)  detector. 

Cylindrical  specimens  for  compression  testing  were  3.7  mm  in  diameter  and 
~5.6mm  in  height.  The  specimen  axis  was  perpendicular  to  the  button  surface, 
which  was  in  contact  with  the  copper  plate  during  arc  melting.  Compression  tests 
to  a  50%  height  reduction  were  conducted  at  RT  using  a  computer-controlled  Instron 
(Instron,  Norwood,  MA)  mechanical  testing  machine  outfitted  with  silicon  carbide 
dies.  A  thin  Teflon  foil  was  used  between  the  compression  faces  and  silicon  carbide 
dies  to  reduce  friction.  The  deformation  of  the  samples  was  video-recorded  and  the 
strain  measured  using  optical  techniques.  A  constant  ramp  speed  of  0.0056  mm/s 
was  applied  to  the  samples,  which  corresponds  to  an  initial  strain  rate  of  0.001  s_1. 

3.  Results 

Fig.  1  shows  the  X-ray  diffraction  pattern  of  the  cast  and  HIP'd 
alloy.  All  seven  major  diffraction  peaks  on  this  X-ray  pattern  have 
been  identified  as  belonging  to  a  body  centered  cubic  (BCC)  phase. 
The  indexes  of  the  crystal  planes  corresponding  to  the  X-ray  diffrac¬ 
tion  peaks  are  indicated  in  Fig.  1.  The  lattice  parameter  of  the  BCC 
phase  was  determined  to  be  a  =  340.4  ±0.1  pm,  both  in  the  as-cast 
and  HIP  conditions.  A  small  peak  at  20-24.9°  indicates  the  pres¬ 
ence  of  a  minor,  likely  hexagonal,  phase.  The  density  of  the  alloy 
after  HIPing  was  determined  to  be  pi  =9.94±0.01  g/cm3.  Vickers 
microhardness  Hv  of  the  alloy  was  measured  in  sixteen  randomly 
selected  locations  and  the  average  value  was  3826  MPa.  The  scatter 
around  the  average  microhardness  value  was  A Hv  =  ±80  MPa. 

The  RT  engineering  stress,  a,  vs.  engineering  strain,  e  curve  of  the 
Ta2oNb2oHf2oZr2oTi2o  alloy  obtained  during  compression  testing  is 
given  in  Fig.  2.  The  yield  strength,  a02<  was  929  ±15  MPa.  After 
yielding,  the  alloy  showed  continuous  strengthening  at  a  nearly 
constant  rate,  y  =  der/de  =  3360  MPa.  The  alloy  was  deformed  to  50% 
compression  strain  without  any  evidence  of  fracture.  The  deforma- 
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Fig.  1.  X-ray  diffraction  pattern  of  the  TaNbHfZrTi  alloy.  The  indexed  peaks  belong 
to  a  BCC  crystal  lattice  with  the  lattice  parameter  a  =  340.4  pm. 


Fig.  2.  Engineering  stress  vs.  engineering  strain  compression  curves  of  the 
Ta2oNb2oHf2oZr2oTi2o  alloy  (present  work)  and  Ta2oNb2oW2oMo2oV2o  and 
TazsNbzsWzsMojs  alloys  (from  ref.  [13]). 

tion  curves  of  Ta2oNb2oW2oMc>2oV2o  and  Ta2sNb25W2sMo25  alloys 
[19],  which  have  ct0  2  =  1246  MPa  and  1058  MPa,  respectively,  but 
much  lowerductility,  are  also  shown  in  Fig.  2  for  comparison.  Due  to 
high  strain  hardening,  preliminary  10%  compression  strain  of  the 
new  Ta2oNb2oHf2oZr2oTi2o  alloy  would  allow  achieving  the  yield 
strength  of  1 330  MPa  and  still  retain  good  ductility,  thus  providing 
the  mechanical  properties  that  are  much  superior  to  the  previously 
reported  refractory  HEAs. 

The  microstructure  of  the  HIP’d  Ta2oNb2oHf2oZr2oTi2o  alloy  con¬ 
sisted  of  equiaxial  dendritic  grains  of  about  100-200  pm  (Fig.  3a).  A 
rather  uniform  deformation,  with  a  very  small  sample  barrelingand 
no  evidence  of  strain  localization,  occurred  at  RT  (Fig.  3b).  Deformed 
grains  that  were  elongated  in  the  radial  direction  and  the  dendrite 
alignment  in  the  same  direction  were  clearly  seen  (Fig.  3c).  Images 
at  higher  magnification  revealed  deformation  twins  and  cracking 
along  some  grain  boundaries  in  the  deformed  sample  (Fig.  3d). 

4.  Discussion 

In  spite  of  heavy  alloying,  the  Ta2oNb2oHf2oZr2oTi2o  alloy  has 
predominantly  a  single-phase  BCC  crystal  structure,  which  remains 
stable  after  HIPing  at  1473  K.  The  absence  of  extra-peaks  from 
element  ordering  suggests  random  distribution  of  the  elements 
in  this  BCC  phase.  It  is  necessary  to  point  out  that  all  five  ele¬ 
ments  in  the  alloy  have  the  BCC  crystal  lattices  just  below  their 
melting  temperatures  and  no  intermetallic  phases  are  present 
in  binary  systems  of  these  elements  [21],  Ta  and  Nb  maintain 
a  BCC  structure  down  to  RT,  and  the  RT  lattice  parameters  for 
these  elements  [22]  are  given  in  Table  2.  The  Ta-Nb  binary  sys¬ 
tem  is  a  continuous  solid  solution  within  the  entire  composition 
range.  Three  other  elements,  Hf,  Zr  and  Ti,  also  form  continu¬ 
ous  solid  solutions  with  each  other,  but  they  exhibit  polymorphic 
transformations  and  have  a  hexagonal  close  packed  (HCP)  crystal 
structure  at  RT.  Reported  BCC  lattice  parameters  for  these  elements, 
aHf  =  361.5  pm,  oZr  =  360.9  pm  and  ay,  =  330.65  pm  were  determined 
at  temperatures  2016K,  1 140  K  and  1155  K,  respectively  [21].  These 
values  can  however  be  extrapolated  to  RT  by  using  reported  coef¬ 
ficients  of  thermal  expansion  (CTE)  for  BCC  Hf  (9  x  lO^R-1).  Zr 
(gxlO^K-1)  and  Ti  (10.9  x  10-6  K_1)  [23],  Thus  calculated  RT 
BCC  lattice  parameters  for  these  three  elements  are  also  given 
in  Table  2. 

Alloying  of  Hf,  Zr  and  Ti  with  Ta  and/or  Nb  is  known  to  stabi¬ 
lize  the  high-temperature  BCC  phase  and  may  result  in  a  mixture 
of  the  BCC  and  HCP  solid  solution  phases  (or  even  a  single  BCC 
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Fig.  3.  SEM  backscatter  electron  images  of  a  longitudinal  cross-section  of  the  HIP'd  Ta2oNb2oHf2oZi'2oTi2o  alloy  (a)  before  and  (b,  c  and  d)  after  compression  deformation  at 
room  temperature. 


phase  in  the  Ti  alloys)  at  RT.  Therefore,  the  presence  of  the  disor¬ 
dered  BCC  phase  in  the  quaternary  alloy,  which  contains  40  at.% 
of  the  BCC-stabilized  elements,  is  expected.  It  is  however  not  yet 
known  if  the  BCC  phase  is  thermodynamically  stable  at  RT  or  it 
is  metastable  and  formation  of  the  low  temperature  HCP  phase 
is  kinetically  restricted  due  to  slow  diffusivity  of  elements  in  the 
multicomponent  alloys  [1,3,24].  In  order  to  address  this  question, 


an  additional  study  involving  long-time  annealing  at  temperatures 
below  600  °C  is  required. 

Using  rule  of  mixtures  (i.e.  Vegard’s  law  [25]),  one  can  calculate 
the  ‘theoretical’  crystal  lattice  parameter  amix  of  the  disordered  BCC 
solid  solution: 

amix  =  'y  '  ciai  (1 ) 


Table  2 

The  lattice  parameter,  a,  of  the  BCC  crystal  structure,  density,  p,  Vickers  microhardness,  Hv,  and  yield  strength,  cto.2,  of  the  pure  metals  and  the  studied  alloy. 


Metal 

Ta 

Nb 

Hf 

Zr 

Ti 

Alloy  Calc. 

Alloy  Exp. 

a  (pm) 

330.3 

330.1 

355.9 

358.2 

327.6 

340.9 

340.4 

P  (g/cm3) 

16.65 

8.57 

13.31 

6.51 

4.51 

9.89 

9.94 

H„  (MPa) 

873 

1320 

1760 

903 

970 

1165 

3826 

<7o.2  (MPa) 

170 

240 

240 

280 

195 

226 

929 

3 
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Here  c,  is  the  atomic  fraction  of  element  i.  The  calculated  (Calc.)  amix 
is  given  in  Table  2.  The  experimental  (Exp)  a  value,  determined  from 
the  X-ray  diffraction  pattern,  is  also  given  in  this  table.  It  can  be  seen 
that  the  calculated  and  experimental  values  of  a  are  practically  the 
same,  which  indicates  that  the  lattice  parameter  of  the  alloy  follows 
rule  of  mixtures.  This  analysis  supports  the  X-ray  results  that  the 
alloying  elements  are  randomly  distributed  in  the  BCC  phase. 

The  theoretical  density,  yOmix ,  of  a  disordered  solid  solution  is 
given  by  Eq.  (2): 


Pmix  — 


ECA 

ECA/Pi 


(2) 


where  A,  and  p,  are  the  atomic  weight  and  density  of  element  i.  The 
Pi  values  of  the  alloying  elements  taken  from  ref.  [26]  and  the  cal¬ 
culated  pmix  value  of  the  alloy  (9.89  g/cm3)  are  given  in  Table  2.  It 
can  be  seen  that  the  calculated  density  is  about  0.50%  smaller  than 
the  experimentally  determined  density  of  the  alloy  (9.94 g/cm3). 
This  very  small  difference  can  be  due  to  experimental  errors  in 
determining  the  alloy  composition  and  density.  We  may  thus  con¬ 
clude  that  the  alloy  density  follows  the  rule  of  mixtures,  which  is 
also  in  agreement  with  the  random  (disordered)  distribution  of  the 
alloying  elements  in  the  BCC  lattice  of  the  alloy. 

The  RT  yield  strength  and  Vickers  microhardness  of  the  HIP’d 
Ta2oNb2oHf2oZr2oTi2o  alloy  are  oq.2  =  929  MPa  and  Hv  =  3826  MPa, 
which  gives  the  hardness  to  stress  ratio  </>  =  Hv/<7o.2  =4.12.  This 
is  noticeably  higher  than  the  value  </>  =  3,  which  was  predicted 
theoretically  and  observed  experimentally  for  non-strain  hard¬ 
ening  materials  [27].  Taber  [27,  p.  175]  has  noticed  that  </>  =  3 
also  holds  for  pure  metals  and  commercial  alloys,  regardless  of 
the  initial  state  of  strain  hardening,  if  the  engineering  stress  cr8 
corresponding  to  the  engineering  strain  e  ~  8%,  which  is  the  aver¬ 
age  plastic  strain  during  Vickers  indentation,  is  used  instead  of 
o' 0  2.  From  the  deformation  behavior  of  the  Ta2oNb2oHf20Zr2oTi2o 
alloy  (see  Fig.  2),  cr8  =  1270  MPa  is  obtained.  This  indeed  gives  the 
value  </>  =  Hv/cr8  =3.0.  One  may  therefore  conclude  that  the  high 
hardness  to  yield  strength  ratio  observed  for  the  studied  alloy 
is  caused  by  strain  hardening  of  the  initially  annealed  alloy  dur¬ 
ing  indentation.  This  analysis  also  indicates  that  preliminary  8% 
compression  straining  of  this  alloy  would  allow  achieving  the 
yield  strength  of  1270  MPa  and  still  retain  good  ductility,  thus 
providing  the  mechanical  properties  that  are  much  superior  to  pre¬ 
viously  reported  HEAs.  It  is  worth  noting  that,  among  all  other 
high  entropy  alloys  with  the  BCC  structure  produced  so  far,  the 
Ta2oNb2oHf2oZr2oTi2o  alloy  has  the  highest  RT  compression  ductil¬ 
ity  (>50%)  [5,8], 

The  microhardness  and  the  yield  strength  of  the 
Ta2oNb2oHf2oZr2oTi2o  alloy  do  not  follow  the  rule  of  mixtures 
of  the  respective  properties  of  the  constituent  elements.  Indeed, 
Table  2  shows  typical  Hv  [28]  and  a02  [29]  values  for  pure  elements 
at  RT.  The  rule  of  mixtures  microhardness,  (Hv)mjX  =  E  ci^vu  ar>d 
yield  strength,  (ero.2)miX  =  E  ciao.2h  °f  the  alloy  are  much  smaller 
than  the  respective  experimental  (Exp.)  Hv  and  00.2  values  (see 
Table  2).  The  high  microhardness  and  yield  strength  of  the  alloy 
are  likely  originated  from  solid  solution-like  strengthening. 

It  is  widely  accepted  that  the  solid  solution  strengthening  of 
metallic  solid  solutions  arises  from  the  elastic  interactions  between 
the  local  stress  fields  of  solute  atoms  and  those  of  dislocations 
[30-34].  The  magnitude  of  the  interaction  force,  fm,  increases  with 
an  increase  in  both  the  atomic  size  misfit  parameter,  8a,  and  the 
modulus  misfit  parameter,  8q,  of  the  solute  and  solvent  atoms: 

fm  =  Cb28  =  Gb2[SG  +  /38a]  (3) 

Here  <5c  =  (l/G)dG/dc,  Sa  =  (l/a)da/dc,  G  is  the  shear  modulus  of  the 
alloy,  b  is  the  magnitude  of  the  Burgers  vector,  and  f)  is  a  con¬ 
stant,  which  value  depends  on  the  type  of  the  mobile  dislocation. 


Table  3 

Atomic  radius,  r=(V 3/4)a,  and  shear  modulus,  C,  of  pure  elements. 


Element/Property 

Ta 

Nb 

Hf 

Zr 

Ti 

r  (pm) 

143.0 

142.9 

154.1 

155.1 

141.8 

C  (GPa) 

69 

38 

30 

33 

44 

Generally,  is  2-4  for  the  screw  dislocations  and  >16  for  edge 
dislocations  [30,32].  In  a  concentrated  solid  solution,  the  solute- 
induced  stress  increase,  Act  can  be  expressed  as  a  function  of/m, 
solute  concentration,  c,  and  dislocation  line  tension,  El,  [31,35]: 

A  ab2  =  A/m/3c2/3EL"1/3  (4) 

Here  A  is  a  dimensionless  material  constant.  Using  the  expression 
EL  =  Gb2t2  and  combining  Eqs.  (3)  and  (4),  the  following  equation 
for  Act  is  obtained  [36]: 

Aa  =  A'G84/3c2/3  (5) 

where  A '  is  a  material-dependent  dimensionless  constant,  which 
is  of  the  order  of  0.1  [31].  Unfortunately,  the  mechanisms  of  solid 
solution  strengthening  were  developed  for  conventional  solid  solu¬ 
tions,  in  which  the  concentration  of  the  matrix  element  (solvent) 
exceeds  60-70%,  and  these  mechanisms  may  not  be  applicable  to 
high-entropy  alloys,  where  all  elements  are  at  almost  the  same 
atomic  concentrations  (<20%)  and  multiple  element  interactions 
are  expected.  Nevertheless,  an  attempt  to  estimate  the  effects  of 
the  atomic  size  (lattice)  and  shear  modulus  distortions  on  the  dis¬ 
location  force,  fm,  in  the  HEA  will  be  given  below. 

Each  solute  in  the  BCC  crystal  lattice  has  8  nearest-neighbor 
atoms,  thus  forming  a  9-atom  cluster.  In  dilute  alloys  with  no  solute 
interactions,  the  neighbors  are  all  solvent  atoms  and  the  local  lat¬ 
tice  distortions  near  the  solute  are  caused  by  the  atomic  size  and 
modulus  mismatches  between  the  solute  and  the  solvent  atoms. 
In  the  heavily  alloyed  multi-component  alloy,  on  the  other  hand, 
an  i  element  can  neighbor  with  different  elements  and  the  lattice 
distortion  near  this  element  is  now  a  function  of  the  atomic  size 
and  modulus  mismatches  between  this  element  and  all  its  nearest 
neighbors.  The  local  environment  around  each  element  can  roughly 
be  estimated  if  we  assume  that  the  local  concentration  is  equal 
to  the  average  concentration  of  the  alloy.  In  this  case,  an  i  ele¬ 
ment  will  have  Nj  =  9 Cj  of  j-atom  neighbors  and  N,-  =  9q  -  1  of  i-atom 
neighbors.  For  example,  in  the  5-element  alloy  with  equimolar  con¬ 
centrations,  an  element  i  in  the  center  site  of  the  BCC  unit  cell  will 
have,  in  average,  1.8  atoms  of  each  of  the  other  elements  and  0.8 
atoms  of  the  same  element  in  the  corner  sites.  Then  the  lattice  dis¬ 
tortion  Sai  (per  atom  pair)  in  the  vicinity  of  an  element  i  is  estimated 
as  an  average  of  the  atomic  size  difference  of  this  element  with  its 
neighbors: 

Ki  =  (6) 

Here  Cj  is  the  atomic  fraction  of  a  j  element  in  the  alloy,  9  is  the 
number  of  atoms  in  the  i-centered  cluster  in  the  BCC  lattice,  8 
is  the  number  of  atoms  neighboring  with  the  center  atom  i,  and 
8a y  =  2(rf  -  r,  )/(r,-  +  q  )  is  the  atomic  size  difference  of  elements  i  and 
j.  Similarly,  the  modulus  distortion,  Sa,  in  the  vicinity  of  an  element 
i  is  estimated  as 

SCi  =  3  F  cjSCij  (7) 

where  8cij  =  2(G,  -  G,  )/(G,-  +  G,  ). 

The  atomic  radii  and  shear  moduli  of  the  alloying  elements 
are  given  in  Table  3,  while  the  calculated  8aij  and  ^Gij  values 
are  given  in  Table  4.  Using  these  values  and  Eqs.  (6)  and  (7), 
the  lattice-  and  modulus-distortions  near  each  element  in  the 
Ta2oNb2oHf2oZr2oTi2o  solid  solution  alloy  were  calculated  and  the 
results  are  given  in  Table  5. 


4 
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Table  4 

Relative  atomic  size  difference,  8aij  (underlined  numbers),  and  modulus  difference. 
Soy  (bold  numbers),  of  the  alloying  element  pairs. 


Element  i/J  &aijl&ci] 

Ta 

Nb 

Hf 

Zr 

Ti 

Ta 

0 

0.58 

0.79 

0.71 

0.44 

Nb 

0.00 

0 

0.24 

0.14 

-0.15 

Hf 

0.07 

0.08 

0 

-0.10 

-0.38 

Zr 

0.08 

0.08 

0.01 

0 

-0.29 

Ti 

-0.01 

-0.01 

-0.08 

-0.09 

0 

The  data  in  Table  4  shows  that  the  pairs  of  Hf  and  Zr  elements, 
as  well  as  the  pairs  of  Ta,  Nb  and  Ti  elements  have  very  little  atomic 
size  difference,  Saij  rs  0.01.  On  the  other  hand,  the  size  difference  of 
Hf  and  Zr  with  three  other  elements  is  about  one  order  of  mag¬ 
nitude  higher  (5ayfs0.08).  The  absolute  values  of  the  estimated 
lattice  distortions  near  each  element  (see  Table  5)  are  of  the  same 
order  (|<5ai|  ~  0.04-0.06).  As  it  is  expected,  smaller  elements,  Ta,  Nb 
and  Ti,  produce  almost  the  same  local  tension  strains  ( Sai  — 0.04), 
while  larger  elements,  Hf  and  Zr,  produce  local  compression  strains 
(Sai  ~  0.05).  To  roughly  estimate  the  contribution  of  the  lattice  dis¬ 
tortions  to  fm  and  Act,  we  may  consider  the  alloy  as  a  pseudo-binary 
solid  solution,  with  Ta,  Nb  and  Ti  as  the  solvents  and  40  at.%  of  Hf 
plus  Zr  as  the  solutes.  Designating  the  average  strain  field  around 
Ta,  Nb  and  Ti  to  be  zero,  the  lattice  distortions  near  Hf  and  Zr  atoms 
are  estimated  to  be  <5a~0.09.  By  assigning  G  =  40GPa,  fa  =  295  pm, 
jS  =  2,  ignoring  for  now  the  modulus  distortion  contribution  and 
using  Eqs.  (3)  and  (5),  one  can  estimate  fma^ 6.3  x  10~10N  and 
ACTa;«  221  MPa.  Here  subscript  ‘ a '  indicates  the  lattice  distortion 
contribution. 

The  elastic  modulus  difference  of  the  alloying  elements  has  a 
wide  spectrum  of  values,  from  SCy  =  0.10  for  the  Hf-Zr  atom  pair  to 
0.79  for  Ta-Hf  atom  pair  (Table  4).  Pairing  of  Ta  atoms  with  other 
elements  provides  the  strongest  shear  modulus  effect  ( Saj  values 
are  in  the  range  from  0.44  for  Ta-Ti  to  0.79  for  Ta-Hf),  while  Hf-Zr 
and  Nb-Zr  pairs  resulted  in  smaller  8aj  values  of  0.10  and  0.14, 
respectively.  The  calculated  modulus  distortions  near  a  particular 
element  in  the  BCC  lattice  of  the  alloy,  8a,  also  have  the  largest 
values  of  Sera  =  0.57  near  Ta  atoms  (Table  5),  while  5Gi  values  near 
other  four  elements  are  considerably  smaller  and  their  average  is 
about  -0.181.  Noting  that  Ti,  Zr,  and  Hf  occupy  the  same  column 
in  the  periodic  table,  a  reflection  of  the  common  aspects  of  their 
electronic  structure,  and  that  the  modulus  of  Nb  is  similar  to  that 
of  these  three  elements,  one  can  assert  the  modulus  of ‘the  solvent' 
as  a  weighted  average  of  these  four  elements.  In  essence  the  Ta 
interactions  produce  a  far  larger  deviation  in  the  local  forces  than 
all  the  other  elements,  and  thus  produce  a  large  effective  modulus 
misfit.  Assuming  that  the  modulus  mismatch  contributions  to  the 
interaction  force  /mG  and  stress  increase  Act0  is  mainly  due  to  Ta, 
these  contributions  are  estimated  to  be/mGasl9.8x  10~10N  and 
Actc  r<  647  MPa. 

The  estimated  values  for  fma  and  /mG  are  of  about  one  order 
of  magnitude  higher  as  those  reported  for  binary  solid  solutions 
[35].  This  very  rough  analysis  of  the  contributions  of  the  atomic 
size  and  modulus  difference  to  the  yield  strength  of  the  alloy  pre¬ 
dicts  CTo.2  =  (<To.2)mix  +  A°'<!  +  A0'G~  1094  MPa,  which  is  about  18% 
higher  than  the  experimentally  observed  00.2  =  929  MPa.  This  can 
be  considered  as  a  good  agreement.  Indeed,  the  model  does  not 
take  into  account  thermally  activated  processes,  which  should 


Table  5 

Calculated  lattice  distortion,  8at,  and  modulus  distortion,  8a,  (Eqs.  (6)  and  (7))  near 
each  element  in  the  BCC  lattice  of  the  TaNbHfZrTi  alloy. 


Element 

Ta 

Nb 

Hf 

Zr 

Ti 

Sai 

-0.035 

-0.035 

0.049 

0.057 

-0.044 

8a 

0.571 

-0.073 

-0.331 

-0.228 

0.089 

ease  the  deformation  processes  and  reduce  the  stress.  The  analysis 
also  shows  that  the  modulus  distortions  are  likely  to  be  stronger 
obstacles  for  dislocation  movements  in  this  alloy  than  the  lattice 
distortions.  The  good  ductility  of  the  alloy  at  RT  is  probably  due 
to  simultaneous  dislocation  and  twin  activity,  which  effectively 
reduce  stress  localization  along  grain  boundaries.  It  is  apparent  that 
the  grain  boundaries  are  the  weakest  structural  elements  along 
which  cracks  eventually  develop  after  heavy  deformation  in  the 
Ta2oNb2oHf2oZr2oTi2o  alloy. 


5.  Conclusions 


A  refractory  alloy,  Ta2oNb2oHf2oZr2oTi2o.  produced  by  vacuum 
arc-melting,  has  a  single-phase  body-centered  cubic  (BCC)  struc¬ 
ture  with  the  lattice  parameter  a  =  340.44  pm.  No  phase  changes 
occur  after  HIPing  the  alloy  at  1473  K,  207  MPa  for  3  h.  The  alloy 
density  and  Vickers  micro  hardness  after  HIPing  were  p  =  9.94  g/cm3 
and  Hv  =  3826  MPa.  The  alloy  has  high  compression  yield  strength 
(ct o.2  =929  MPa)  and  ductility  (e>50%).  The  alloy  shows  consider¬ 
able  strengthening  and  homogeneous  deformation.  The  high  stress 
is  explained  by  solid-solution  strengthening. 
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